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1
FAST-LOW ENERGY TRANSFER TO
EARTH-MOON LAGRANGE POINT L2

BACKGROUND

The problem of optimizing trajectories in the three-body
problem, or even the n-body problem, for n=3, 4, has been
addressed in many papers throughout the years. If one had a
trajectory that started from a given position and it was desired
to optimize it by minimizing the maneuvers, DV, along the
trajectory, the field of optimal control theory has many
approaches to this problem.

The previous ways transfers were designed to Earth-Moon
Lagrange point [.2 from parking orbits about the Earth, with-
out the use of optimization methods using low energy orbits
on the stable manifold to Lagrange point L2 orbit and not for
hybrid spacecraft with two different types of engines, is to
simply do a standard differential targeting from the parking
orbit, using a first maneuver to get to the beginning of the
stable manifold and to a given orbit and apply a second
maneuver at the stable manifold orbit to get to the Lagrange
point L2 orbit. This transfer to Lagrange point L2 orbit using
the two maneuvers is found with standard ‘differential target-
ing’ together with use of a stable manifold. With such a
method of determining the transfer to Lagrange point .2
orbit, one could apply a local optimizer just valid at the
specific maneuver points, which is only valid for chemical/
impulsive maneuvers and is not valid for hybrid spacecraft. In
another method the transfer to Lagrange point [.2 orbit may
be determined using low thrust only or impulsive thrust only
however, the low thrust only or impulsive thrust only method
is not valid for hybrid spacecraft.

Low-energy Earth-Moon transfers with longer flight times
0t 90 days are also used for the transfer to Lagrange point [.2
orbit (e.g. GRAIL mission). However, these a low energy
solutions for transfer to Lagrange point 1.2 orbit utilize an
exterior ballistic capture transfer with a flight time of 90-150
days and are not relevant to transfers having flight times
around 6 days.

SUMMARY

Accordingly, a spacecraft control system and method,
intended to address the above-identified concerns, would find
utility.

One example of the present disclosure relates to a control
system for a hybrid propulsion spacecraft configured for
transfer between any suitable low earth parking orbit (re-
ferred to herein as “LEO”), such as an elliptical orbit or
circular orbit, and a Lissajous L.2 orbit (referred to herein as
“L.20”) is provided. The control system includes a first con-
trol portion communicably connected to a high thrust (re-
ferred to herein as “HT”) engine portion of the hybrid pro-
pulsion spacecraft; a second control portion communicably
connected to a low thrust high specific impulse (referred to
herein as “L'T-HI”) engine portion of the hybrid propulsion
spacecraft; the first and second control portions being config-
ured to control both the HT engine portion and the LT-HI
engine portion of the hybrid propulsion spacecraft to provide
an optimal LEO to L20O transfer trajectory; wherein the opti-
mal LEO to L.20 trajectory includes an optimal L'T-HI trajec-
tory portion, selected from a stable manifold trajectory, and
an optimal HT trajectory portion, and wherein the LT-HI
trajectory portion and HT trajectory portion are configured
for providing a combined optimal trajectory along the LEO to
L20 transfer trajectory, and are optimized substantially
simultaneously.
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One example of the present disclosure relates to a space-
craft including a spacecraft bus; a hybrid propulsion system
connected to the spacecraft bus, the hybrid propulsion system
including a high thrust (HT) engine portion, and a low thrust
high specific impulse (LT-HI) engine portion; and a control
system connected to the bus and controllably coupled to
hybrid propulsion system to effect spacecraft transfer
between low earth parking orbit (LEO) and a Lissajous 1.2
orbit (L.20), the control system being configured for gener-
ating an optimal LEO to L.20 transfer trajectory employing
both the HT engine portion and the I'T-HI engine portion of
the hybrid propulsion system; wherein the optimal LEO to
L20 trajectory includes an optimal LT-HI trajectory portion,
selected from a stable manifold trajectory, and an optimal HT
trajectory portion, and wherein the LT-HI trajectory portion
and HT trajectory portion are configured for providing a
combined optimal trajectory along the LEO to L20 transfer
trajectory, and are optimized substantially simultaneously.

One example of the present disclosure relates to a method
for generating a thrusting profile for a hybrid propulsion
spacecraft for transfer between low earth orbit (LEO) and a
Lissajous L2 orbit (L.20). The method includes the steps of:
computing a stable manifold (SM) of trajectories leading to
L20 based on thrust generated with a low thrust high specific
impulse (I'T-HI) engine of the hybrid propulsion spacecraft;
generating a high thrust (HT) trajectory between LEO and at
least one trajectory of the SM, wherein the HT trajectory is
generated based at least in part with an impulse change pro-
vided by an HT engine of the hybrid propulsion spacecraft,
and wherein the HT trajectory and the at least one SM trajec-
tory form a combined trajectory from LEO to L20O; and
optimizing the combined trajectory over both the HT trajec-
tory and the at least one trajectory of the SM in combination
and generating a combined optimal trajectory from LEO to
L20.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus described examples of the disclosure in gen-
eral terms, reference will now be made to the accompanying
drawings, which are not necessarily drawn to scale, and
wherein like reference characters designate the same or simi-
lar parts throughout the several views, and wherein:

FIG. 1is ablock diagram of a spacecraft, according to one
aspect of the present disclosure;

FIG. 2 is a schematic diagram of a trajectory on the stable
manifold to an orbit around Lagrange point [.2 (referred to
herein as “L.2”), according to one aspect of the disclosure;

FIG. 3 is a schematic diagram of multiple trajectories on
the stable manifold to an orbit about 1.2, according to one
aspect of the disclosure;

FIG. 4 is a schematic illustration of the construction of a
fast low energy transfer to an orbit around 1.2, according to
one aspect of the disclosure;

FIG. 5 is a schematic illustration of a family of trajectories
forming bridge orbit arcs, according to one aspect of the
disclosure;

FIG. 6 is a flow chart for obtaining a fast transfer to orbit
about 1.2, according to one aspect of the disclosure;

FIG. 7 is a flow chart of illustrating an optimization of the
fast transfer to orbit about [.2, according to one aspect of the
disclosure;

FIG. 8 is a flow diagram of spacecraft production and
service methodology; and

FIG. 9 is a schematic illustration of an spacecratt.

Inthe block diagram(s) referred to above, solid lines, if any,
connecting various elements and/or components may repre-
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sent mechanical, electrical, fluid, optical, electromagnetic
and other couplings and/or combinations thereof. As used
herein, “coupled” means associated directly as well as indi-
rectly. For example, a member A may be directly associated
with a member B, or may be indirectly associated therewith,
e.g., via another member C. Couplings other than those
depicted in the block diagrams may also exist. Dashed lines,
if any, connecting the various elements and/or components
represent couplings similar in function and purpose to those
represented by solid lines; however, couplings represented by
the dashed lines may either be selectively provided or may
relate to alternative or optional aspects of the disclosure.
Likewise, elements and/or components, if any, represented
with dashed lines, indicate alternative or optional aspects of
the disclosure. Environmental elements, if any, are repre-
sented with dotted lines.

In the block diagram(s) referred to above, the blocks may
also represent operations and/or portions thereof. Lines con-
necting the various blocks do not imply any particular order
or dependency of the operations or portions thereof.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth to provide a thorough understanding of the disclosed
concepts, which may be practiced without some or all of these
particulars. In other instances, details of known devices and/
or processes have been omitted to avoid unnecessarily
obscuring the disclosure. While some concepts will be
described in conjunction with specific examples, it will be
understood that these examples are not intended to be limit-
ing.

Reference herein to “one example” or “one aspect” means
that one or more feature, structure, or characteristic described
in connection with the example or aspect is included in at least
one implementation. The phrase “one example” or “one
aspect” in various places in the specification may or may not
be referring to the same example or aspect.

Unless otherwise indicated, the terms “first,” “second,”
“third,” etc. are used herein merely as labels, and are not
intended to impose ordinal, positional, or hierarchical
requirements on the items to which these terms refer. More-
over, reference to, e.g., a “second” item does not require or
preclude the existence of, e.g., a “first” or lower-numbered
item, and/or, e.g., a “third” or higher-numbered item.

Referring to FIG. 1, a block diagram of a spacecraft 100 is
illustrated in accordance with aspects of the present disclo-
sure. The present disclosure relates to a class of solutions for
the low energy transfer of the spacecraft 100 to a Lissajous 1.2
orbit (L.20), inclusive of a Lyapunov orbit, with flight times
similar to those of Hohmann transfers (e.g. flight times on the
order of a few days such as for exemplary purposes only about
6 to 7 days). The low energy transfer to .20 of the present
disclosure may use about 20% less maneuvers along the flight
trajectory than, for example, Hohmann transfers by using a
predetermined bridge orbit arc trajectory from, for example, a
parking orbit around the Earth to the beginning of an orbit on
the stable manifold of low energy trajectories leading to an
automatic or ballistic capture of a spacecraft about 1.2 for
placing the spacecraft 100 into L.20.

The aspects of the present disclosure use an initial transfer
of'the spacecraft 100 from a parking orbit about the Earth that
is of a short duration, but uses substantially less fuel/propel-
lant than conventional transfer trajectories from the parking
orbit to, for example, the stable manifold. The transfer trajec-
tory of the present disclosure is optimized for hybrid space-
craft and performed for both the HT engine and the L'T-HI
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engine substantially simultaneously in regions with low
energy trajectories on stable manifolds and weak stability
boundaries. Determination of the transfer trajectory of the
present disclosure uses information from dynamical systems
methods to find locations where low fuel/propellant trajecto-
ries can be found. The low propellant property of the trajec-
tory and its fast flight time, together with the method by which
it is determined, makes the present disclosure useful for
bringing large payloads to the Earth-Moon [.2 in a more
economical manner than conventional flight trajectories.
Still referring to FIG. 1 the spacecraft 100 includes a space-
craft bus (referred to herein as “bus™) 110. The bus 110 may
have any suitable configuration to, for example, carry any
suitable manned and/or unmanned payload 105 for transfer
between a low earth parking orbit (LEO) and a Lissajous 1.2
orbit (L20). The bus 110 may also include any suitable hybrid
propulsion system that is connected to the bus 110 in any
suitable manner. The hybrid propulsion system 120 may
include two or more different types of engines. In one aspect
of the present disclosure the hybrid propulsion system 120
includes a HT engine 120A and the L'T-HI engine 120B. The
LT-HI engine 120B may be any suitable engine such as, for
example, one or more solar electric propulsion (SEP)
engines. The HT engine 120A may be any suitable engine
such as a chemically powered engine. The bus 110 may also
include any suitable control system 130 that is connected to
the bus in any suitable manner where the control system is
controllably coupled to the hybrid propulsion system 120 to
effect spacecraft 100 transfer between a LEO and a L.20. The
control system 130 may include a first control portion 131 and
a second control portion 132 where each control portion
includes a processor 131A, 132A and a memory 131B, 132B
including non-transitory program code and being configured
to perform the aspects of the present disclosure as described
herein. The first control portion 131 may be communicably
connected to the HT engine 120A while the second control
portion 132 may be communicably connected to the LT-HI
engine 120B. In other aspects, the first control portion 131
may be communicably connected to the LT-HI engine 120B
while the second control portion 132 may be communicably
connected to the HT engine 120A. The control system 130
may be configured to generate an optimal LEO to [.20 trans-
fer trajectory employing both the HT engine 120A and the
LT-HI engine 120B. For example, the first and second control
portions 131, 132 may be configured, as described below, to
control both the HT engine 120A and the L'T-HI engine 120B
of the hybrid spacecraft 100 and provide an optimal LEO to
L20 transfer trajectory. The optimal LEO to L20O trajectory
may include an optimal LT-HI trajectory portion (FIG. 4) that
is selected from a stable manifold trajectory as will be
described below. The optimal LEO to L.20 trajectory may
also include an optimal HT trajectory portion (FIG. 4) such
as, for example, a bridge orbit arc that may be selected from
amanifold of bridge orbit arcs as will be described below. The
HT trajectory portion transits between LEO and an initial
point along the LT-HI trajectory portion as described herein.
The LT-HI trajectory portion and the HT trajectory portion
may be configured for providing a combined optimal trajec-
tory along the LEO to 120 transfer trajectory, and are opti-
mized substantially simultaneously by the control system
131. In one aspect the LT-HI trajectory portion is a time-
optimal trajectory in that the L'T-HI trajectory portion pro-
vides transfer from LEO to .20 in the shortest possible time.
The LT-HI trajectory also effects ballistic capture of the
spacecraft 100 at L20 as described herein. The HT trajectory
portion may be at least one of a time optimal trajectory and a
fuel optimal trajectory in that the HT trajectory portion may
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provide transfer of the spacecraft in the shortest time possible
and/or using the least amount of fuel/propellant.

Referring now to FIGS. 2-5, determining a fast low energy
transfer trajectory from LEO to L.20 will be described. With
particular reference to FIG. 2, the spacecraft 100 may start
from any suitable parking orbit LEO and transfer to the L.20
orbit, which may be retrograde periodic closed orbit in a
frame of reference called a rotating frame where the Earth E
and Moon M are fixed. [.20, in the higher dimensional posi-
tion-velocity space, has a tube of orbits or stable manifold SM
that lead to .20 and spiral asymptotically into [.20. One such
trajectory TR of the stable manifold SM is illustrated in FIG.
2. The trajectories on the stable manifold SM may be minimal
energy trajectories because they automatically provide trans-
fer to L20 by spiraling towards L.20 and asymptotically
converge into L.20. As such, a spacecraft 100 traveling along
the stable manifold SM trajectories (also called manifold
branches) TR will need substantially no fuel to go into orbit
about [.2 as the spacecraft 100 will be ballistically captured in
a weak stability boundary region about .20 where .20 may
be considered part of the weak stability boundary.

With particular reference to FIG. 3, as may be realized,
there are infinitely many trajectories TR on the stable mani-
fold SM. In FIG. 3, it is noted that the Earth E would be
located at x=0 (not shown in FIG. 3) and L1 is an interior
Lagrange point between the Earth E and the Moon M. In the
aspects of the present disclosure a trajectory FTR, illustrated
as a dashed line in FIG. 3, is determined where the trajectory
FTR is a trajectory on the stable manifold SM that provides a
relatively fast transfer to L20 (e.g. FTR may be substantially
the fastest transfer of the all trajectories TR). The trajectory
FTR may also have a starting point near the Earth E in a
location proximate the parking orbit LEO of the spacecraft
100 to for providing an advantageous or otherwise convenient
transfer of the spacecraft 100 from LEO to the trajectory FTR.
It is noted that the trajectories TR, FTR illustrated in FIG. 3
may be actual trajectories determined by, for example, the
control system 130 using, for example, a planar restricted
three body problem between the Earth E, the Moon M, and the
spacecraft 100. In this problem it is assumed that the Moon M
moves about the Earth E in a circle with uniform velocity, and
spacecraft 100 moves in the same plane as the Moon’s orbit.

In one aspect the control system 130 (e.g. one or more of
the first control portion 131 and the second control portion
132) may be configured with suitable non-transitory program
code for determining the fast low fuel transfer trajectory from
LEO to L20. The control system 130 may be configured to
determine a combined optimal trajectory (e.g. both the L'T-HI
trajectory portion and the HT trajectory portion) that is opti-
mized with a global optimizer (GO) approach that is config-
ured for application of hybrid propulsion in effecting the
combined optimal trajectory. In accordance with the present
disclosure the first control portion 131 and the second control
portion 132 command a respective one of the HT engine
120A and the LT-HI engine 120B and effect spacecraft 100
transfer with hybrid propulsion along the combined optimal
trajectory commencing with an initial impulse change (e.g.
maneuver DV1) from LEO to an initiation of ballistic capture
(e.g. maneuver DV2) into [.20.

With particular reference to FIG. 4 and FIG. 6 the control
system 130 may compute or otherwise determine [.20 using,
for example, the three body model/problem described above
(FIG. 6, Block 600). The stable manifold SM trajectories TR
leading to L.20 may also be determined (FIG. 6, Block 605)
and the fastest trajectory FTR may be selected (FIG. 6, Block
610). The control system 130 may also determine the LEO or
utilize the LEO in which the spacecraft 100 is located (FIG. 6,
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Block 615). Substantially all bridge orbit arc trajectories
BOC that go from LEO to the beginning of trajectory FTR
and the trajectories from FTR to .20 (e.g. the manifold
branch trajectories) are optimized (FIG. 6, Block 620) to
minimize an amount of fuel/propellant used in the HT engine
120A and LT-HI engine and/or to minimize a time of flight
from LEO to L.20 to obtain a thrusting profile (FIG. 6, Block
625). It is noted that the optimization described herein is a
“global” optimization as opposed to a “local” optimization. A
local optimizer optimizes a trajectory only very near to a
given initial point in position-velocity space, whereas a global
optimizer optimizes along an entire trajectory and near to the
trajectory.

For example, the optimization of the bridge orbit arc tra-
jectories BOC and the manifold branch trajectories may
include modeling a bi-circular restricted three/four body
problem (FIG. 7, Block 621). An optimum control problem
obtained from the three/four body problem is transcribed into
a non-linear programming (NLP) problem (FIG. 7, Block
622). In one aspect, the NLP programming problem is
adapted to the different engine types of the hybrid spacecraft
100 (e.g. the HI engine and the L'T-HI engine). For example,
an initial trajectory TR1 is chosen for optimization. Part of
this trajectory TR1 lies on the stable manifold SM (e.g. mani-
fold branch or trajectory FTR1, e.g. the UI-HI trajectory
portion) leading to L.20. The optimization is typically to
minimize the cumulative velocity change (e.g. performed by
maneuvers DV1, DV2, etc.) that is required along the entire
trajectory TR1 so that the trajectory TR1 can start at a given
point (such as a point on LEO) and end at another given point
(such as a point on or near [.20). A system of differential
equations is used to define the motion of the spacecraft 100,
which in this case is for the three/four body problem. These
differential equations define the evolution of the position and
velocity of the spacecraft 100 as a function of time. By way of
example, initial boundary conditions, representing the first
transfer state, x,=(X;, ¥;, X;, ¥;, ;) correspond to the spacecraft
100 parking orbit LEO, which may be a conic section.
Accordingly, the initial boundary conditions may be repre-
sented by a set of equations describing the parking orbit LEO
of the spacecraft 100. Also, final boundary conditions,
expressing the final transfer state X ~(X, y, X5 ¥, m,) are
disposed in the stable manifold so that x,~x=0, y~y=0,
%x~%,=0, and y ~y,=0. As may be realized, a further matching
constraint(s) may be applied so that a transition state where
the trajectory transition between the HT trajectory portion
and the LT-HI trajectory portion on the stable manifold,
describes a point on the stable manifold with a tangential
vector to the stable manifold. A special function is deter-
mined, called the performance index, which is desired to be
minimized. The index of performance function, may be
referred to as the Jacobi integral for the equations of motion of
the system, and also defines the mass portion used to effect the
transfer J=m,-m where m, is the initial mass of the spacecraft
100, and m s the final mass of the spacecraft 100. This results
in the system of Fuler differential equations, the solution of
which can be reduced to a nonlinear programming problem
NLP by the method of direct transcription.

The NLP can be solved iteratively by first reducing it to a
nonlinear algebraic system and then to a linear system, called
a Karush-Kuhn-Tucker system, at each step of the iteration
(FIG. 7, 623). A suitable NLP optimization is illustrated in
Fasano, Giorgio and Pintér, Janos D., Modeling and Optimi-
zation in Space Engineering, Springer 2013 at pages 389-404
(Chapter 16: Optimization of Low-Energy Transfer) the con-
tents of which are incorporated by reference herein in its
entirety. A convergence criterion is determined for the itera-
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tive algorithmic procedure to finish. The convergence deter-
mines the magnitudes of maneuvers DV1, DV2, etc. (any
suitable number of maneuvers may be determined) along the
trajectory TR1, which could be either impulsive, in the case of
HT engine 120A, or continuous, over optimal time intervals,
also determined, as well as thrust directions at each moment
in time, in the case of LT-HI engine 120B.

As described above, a low energy trajectory FTR1 obtained
from the stable manifold SM (e.g. the LT-HI trajectory por-
tion) together with a bridge orbit arc BOC (e.g. the HT tra-
jectory portion) may be selected and used as a start for the
optimal control iteration procedure for solving the NLP prob-
lem (FIG. 7, Block 624) such that the solution converges with
minimized maneuvers DV1, DV2, etc. (any number of suit-
able maneuvers may be determined) and/or a minimized time
of flight. In one aspect the HT trajectory portion (e.g. the
bridge orbit arc BOC) of the trajectory TR1 may be chosen
from a manifold of HT trajectories (e.g. a manifold of bridge
orbit arcs) distributed between a time optimal trajectory and a
fuel optimal trajectory.

Further, obtaining the thrusting profile puts in a maneuver
DV1 at the start of a trajectory at the periapsis of the LEO.
This maneuver DV1 is assumed to be done impulsively using
the HT engine 120A. A bridge orbit arc trajectory BOC goes
from the location of the maneuver DV1 to the beginning of the
fastest manifold branch or trajectory FTR. Another maneuver
DV2 is done at a location where the bridge orbit arc trajectory
BOC meets the fastest trajectory FTR to match the conditions
of'the fastest trajectory FTR. In one aspect the maneuver DV2
could be done over time with the L'T-HI engine 120B, or in
another aspect, impulsively with HT engine 120A. For the
trajectory illustrated in, for example, FIG. 4 the maneuver
DV2 may be done with the HT engine 120 A. Once the maneu-
ver DV2 is applied the fastest trajectory FTR takes the space-
craft 100 to L.20. In one aspect the LT-HI engine 120B can be
used if desired for trim maneuvers. The control system 130
may be configured to apply a weighting value W (which
measures a weighting of the speed to the fuel/propellant con-
sumption) in the optimization of the trajectory, as illustrated
in FIG. 5, W=1 corresponds to the fastest bridge orbit arc
BOC with maximum fuel usage and W=0 corresponds to the
slowest bridge orbit arc BOC and minimum fuel usage. As
may be realized, low thrust trim maneuvers can easily be
inserted and optimized as the fastest trajectory FTR is spiral-
ing towards [.20. In the optimization there are many trajec-
tories that are analyzed for choosing the fastest manifold
branch or trajectory (which may the same trajectory FTR that
was initially chosen as the fastest trajectory or a trajectory
near the fastest trajectory that best fits between the bridge
orbit arc trajectory BOC and L.20) from LEO to L.20 (FIG. 6,
Block 630).

As an example of the optimization described herein, the
value of w chosen for a desired fast low prop transfer may be
for w=1. The final trajectory has been found for the LEO
about the Earth with a periapsis of about 653 km Earth alti-
tude and apoapsis of about 70,000 km. The Lissajous orbit,
L20 has the dimensions of about 25,400 kmxabout 60,000
km. The time of flight to go from the LEO to the beginning of
L201s about 6 to about 7 days. The phase-in to .20 while the
trajectory spirals, can take about another 20 days, or be facili-
tated using other maneuvers of desired. The phase in process
is not included in the flight time of the trajectory of about 6 to
about 7 days, where an end time sufficiently close to the
Lissajous orbit is chosen. The total fuel consumed, for the
engine and propellant parameters given is about 3386 kg. By
comparison, a classical Hohmann transfer would take about
6.2 days to reach L.20 from LEO and requires about 4089 kg
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of fuel. Thus, the new fast low energy transfer has an analo-
gous time of flight and uses about 17.2% less fuel. If the total
maneuvers are compared, then the fast low energy transfer
used about 1002 m/s whereas the Hohmann transfer used
about 1259 m/s, showing a savings of about 21.5%.

As noted above, trajectory optimization uses the three/four
body problem which may imply that the trajectory is planar in
nature, lying in the same plane as the orbit of the Moon about
the Earth. To obtain a trajectory that is valid for realistic solar
system modeling, using a planetary ephemeris and in three
dimensions, a differential correction algorithm may be
applied to recompute a final trajectory from LEO to .20 in
realistic solar system modeling (FIG. 6, Block 635). In this
case the trajectory is obtained in three-dimensions, but is still
essentially planar in nature. It is noted that the trajectory from
LEO to L20 in accordance with the aspects of the present
disclosure may remain substantially the same (e.g. giving the
transfer from LEO to L.20 a unique hybrid form) if any low
thrust trim maneuvers are inserted along the trajectory or
included only in the part of the trajectory that is asymptoti-
cally close to the [.20 at the end of the transfer from LEO to
L20.

The aspects of the present disclosure described herein pro-
vide low fuel/low energy trajectories from the Earth into a
Lissajous orbit about L2 of the Earth-Moon system that have
flight times of just a few days, similar to that of a Hohmann
transfer, however the trajectories of the present disclosure use
substantially less fuel for a hybrid spacecraft 100. The aspects
of the present disclosure also utilize an optimization algo-
rithm that is able to optimize, for example, two different
engines types (e.g. the HT and L'T-HI engines) of the hybrid
spacecraft 100 substantially simultaneously and in regions
where there are stable manifolds of low energy trajectories
leading to automatic or ballistic capture of the spacecraft 100
about L2.

The disclosure and drawing figures describing the opera-
tions of the method(s) set forth herein should not be inter-
preted as necessarily determining a sequence in which the
operations are to be performed. Rather, although one illustra-
tive order is indicated, it is to be understood that the sequence
of'the operations may be modified when appropriate. Accord-
ingly, certain operations may be performed in a different
order or simultaneously. Additionally, in some aspects of the
disclosure, not all operations described herein need be per-
formed.

Examples of the disclosure may be described in the context
of an spacecraft manufacturing and service method 1100 as
shown in FIG. 8 and an spacecraft 1102 (which is substan-
tially similar to spacecraft 100 described above) as shown in
FIG. 9. During pre-production, illustrative method 1100 may
include specification and design 1104 of the spacecraft 1102
and material procurement 1106. During production, compo-
nent and subassembly manufacturing 1108 and system inte-
gration 1110 of the spacecraft 1102 take place. Thereafter, the
spacecraft 1102 may go through certification and delivery
1112 to be placed in service 1114. While in service by a
customer, the spacecraft 1102 is scheduled for routine main-
tenance and service 1116 (which may also include modifica-
tion, reconfiguration, refurbishment, and so on).

Each of the processes of the illustrative method 1100 may
be performed or carried out by a system integrator, a third
party, and/or an operator (e.g., a customer). For the purposes
of'this description, a system integrator may include, without
limitation, any number of spacecraft manufacturers and
major-system subcontractors; a third party may include, with-
out limitation, any number of vendors, subcontractors, and
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suppliers; and an operator may be an airline, leasing com-
pany, military entity, service organization, and so on.

As shown in FIG. 9, the spacecraft 1102 produced by the
illustrative method 100 may include an airframe 1118 with a
plurality of high-level systems and an interior 1122.
Examples of high-level systems include one or more of a
propulsion system 1124, an electrical system 1126, a hydrau-
lic system 1128, and an environmental system 1130. Any
number of other systems may be included. Although an aero-
space example is shown, the principles of the invention may
be applied to other industries.

Apparatus and methods shown or described herein may be
employed during any one or more of the stages of the manu-
facturing and service method 1100. For example, compo-
nents or subassemblies corresponding to component and sub-
assembly manufacturing 1108 may be {fabricated or
manufactured in a manner similar to components or subas-
semblies produced while the spacecraft 1102 is in service.
Also, one or more aspects of the apparatus, method, or com-
bination thereof may be utilized during the production states
1108 and 1110, for example, by substantially expediting
assembly of or reducing the cost of an spacecraft 1102. Simi-
larly, one or more aspects of the apparatus or method realiza-
tions, or a combination thereof, may be utilized, for example
and without limitation, while the spacecraft 1102 is in ser-
vice, e.g., maintenance and service 1116.

Different examples and aspects of the apparatus and meth-
ods are disclosed herein that include a variety of components,
features, and functionality. It should be understood that the
various examples and aspects of the apparatus and methods
disclosed herein may include any of the components, fea-
tures, and functionality of any of the other examples and
aspects of the apparatus and methods disclosed herein in any
combination, and all of such possibilities are intended to be
within the spirit and scope of the present disclosure.

Many modifications and other examples of the disclosure
set forth herein will come to mind to one skilled in the art to
which the disclosure pertains having the benefit of the teach-
ings presented in the foregoing descriptions and the associ-
ated drawings.

In accordance with one or more aspects of the present
disclosure a control system for a hybrid propulsion spacecraft
configured for transfer between low earth parking orbit
(LEO) and a Lissajous [.2 orbit (L.20) is provided. The con-
trol system includes a first control portion communicably
connected to a high thrust (HT) engine portion of the hybrid
propulsion spacecraft; a second control portion communica-
bly connected to a low thrust high specific impulse (LT-HI)
engine portion of the hybrid propulsion spacecraft; and the
first and second control portions being configured to control
both the HT engine portion and the I'T-HI engine portion of
the hybrid propulsion spacecraft to provide an optimal LEO
to L20 transfer trajectory; wherein the optimal LEO to L20
trajectory includes an optimal I'T-HI trajectory portion,
selected from a stable manifold trajectory, and an optimal HT
trajectory portion, and wherein the LT-HI trajectory portion
and HT trajectory portion are configured for providing a
combined optimal trajectory along the LEO to [.20 transfer
trajectory, and are optimized substantially simultaneously.

In accordance with one or more aspects of the present
disclosure the LT-HI trajectory portion is a time optimal tra-
jectory

In accordance with one or more aspects of the present
disclosure the L'T-HI trajectory effects ballistic capture of the
spacecraft at .20.
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In accordance with one or more aspects of the present
disclosure the HT trajectory portion is at least one of a time
optimal trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the HT trajectory portion is selected from a mani-
fold of HT trajectories distributed between a time optimal
trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the combined optimal trajectory is optimized with
a global optimizer (GO) approach that is configured for appli-
cation of hybrid propulsion in effecting the combined optimal
trajectory.

In accordance with one or more aspects of the present
disclosure the first and second control portions command the
HT engine portion and the L'T-HI engine portion and effect
spacecraft transfer with hybrid propulsion along the com-
bined optimal trajectory commencing with an initial impulse
change from LEO to initiation of ballistic capture in L.20.

In accordance with one or more aspects of the present
disclosure the HT trajectory portion transits between LEO
and an initial point along the LT-HI trajectory portion.

In accordance with one or more aspects of the present
disclosure the LT-HI engine portion comprises solar electric
propulsion (SEP) engines.

In accordance with one or more aspects of the present
disclosure the LT-HI engine portion comprises chemical
engines.

In accordance with one or more aspects of the present
disclosure a spacecraft includes a spacecraft bus; a hybrid
propulsion system connected to the spacecraft bus, the hybrid
propulsion system including a high thrust (HT) engine por-
tion, and a low thrust high specific impulse (LT-HI) engine
portion; and a control system connected to the bus and con-
trollably coupled to hybrid propulsion system to effect space-
craft transfer between low earth parking orbit (LEO) and a
Lissajous L2 orbit (I.20), the control system being config-
ured for generating an optimal LEO to .20 transfer trajectory
employing both the HT engine portion and the LT-HI engine
portion of the hybrid propulsion system; wherein the optimal
LEO to L20 trajectory includes an optimal UT-HI trajectory
portion, selected from a stable manifold trajectory, and an
optimal HT trajectory portion, and wherein the U'T-HI trajec-
tory portion and HT trajectory portion are configured for
providing a combined optimal trajectory along the LEO to
L20 transfer trajectory, and are optimized substantially
simultaneously.

In accordance with one or more aspects of the present
disclosure the L'T-HI trajectory portion is a time optimal tra-
jectory.

In accordance with one or more aspects of the present
disclosure the LT-HI trajectory effects ballistic capture of the
spacecraft at [.20.

In accordance with one or more aspects of the present
disclosure the HT trajectory portion is at least one of a time
optimal trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the HT trajectory portion is selected from a mani-
fold of HT trajectories distributed between a time optimal
trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the combined optimal trajectory is optimized with
a global optimizer (GO) approach that is configured for appli-
cation of hybrid propulsion in effecting the combined optimal
trajectory.

In accordance with one or more aspects of the present
disclosure the first and second control portions command the
HT engine portion and the L'T-HI engine portion and effect
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spacecraft transfer with hybrid propulsion along the com-
bined optimal trajectory commencing with an initial impulse
change from LEO to initiation of ballistic capture in L.20.

In accordance with one or more aspects of the present
disclosure the HT trajectory portion transits between LEO
and an initial point along the LT-HI trajectory portion.

In accordance with one or more aspects of the present
disclosure the LT-HI engine portion comprises solar electric
propulsion (SEP) engines.

In accordance with one or more aspects of the present
disclosure the LT-HI engine portion comprises chemical
engines.

In accordance with one or more aspects of the present
disclosure a method for generating a thrusting profile for a
hybrid propulsion spacecraft for transfer between low earth
orbit (LEO) and a Lissajous L2 orbit (L.20) is provided. The
method includes the steps of: computing a stable manifold
(SM) of trajectories leading to .20 based on thrust generated
with a low thrust high specific impulse (LT-HI) engine of the
hybrid propulsion spacecraft; generating a high thrust (HT)
trajectory between LEO and at least one trajectory of the SM,
wherein the HT trajectory is generated based at least in part
with an impulse change provided by an HT engine of the
hybrid propulsion spacecraft, and wherein the HT trajectory
and the at least one SM trajectory form a combined trajectory
from LEO to L.20; and optimizing the combined trajectory
over both the HT trajectory and the at least one trajectory of
the SM in combination and generating a combined optimal
trajectory from LEO to [.20.

In accordance with one or more aspects of the present
disclosure the at least one trajectory of the SM is a time
optimal trajectory.

In accordance with one or more aspects of the present
disclosure the at least one trajectory of the SM effects ballistic
capture of the spacecraft at [.20.

In accordance with one or more aspects of the present
disclosure the HT trajectory is at least one of a time optimal
trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the method includes selecting the HT trajectory
from a manifold of HT trajectories distributed between a time
optimal trajectory and a fuel optimal trajectory.

In accordance with one or more aspects of the present
disclosure the method includes optimizing the combined
optimal trajectory with a global optimizer (GO) approach that
is configured for application of hybrid propulsion in effecting
the combined optimal trajectory.

In accordance with one or more aspects of the present
disclosure the method includes commanding the HT engine
portion and the LT-HI engine portion with a first and second
control portion of the hybrid propulsion spacecraft and effect-
ing spacecraft transfer with hybrid propulsion along the com-
bined optimal trajectory commencing with an initial impulse
change from LEO to initiation of ballistic capture in L.20.

Therefore, it is to be understood that the disclosure is not to
be limited to the specific embodiments disclosed and that
modifications and other embodiments are intended to be
included within the scope of the appended claims. Moreover,
although the foregoing descriptions and the associated draw-
ings describe example embodiments in the context of certain
illustrative combinations of elements and/or functions, it
should be appreciated that different combinations of elements
and/or functions may be provided by alternative implemen-
tations without departing from the scope of the appended
claims.
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What is claimed is:

1. A control system for a hybrid propulsion spacecraft
configured for transfer between low earth parking orbit
(LEO) and a Lissajous L2 orbit (I.20), the control system
comprising:

a first control portion communicably connected to a high
thrust (HT) engine portion of the hybrid propulsion
spacecraft;

a second control portion communicably connected to a low
thrust high specific impulse (LT-HI) engine portion of
the hybrid propulsion spacecraft; and

the first and second control portions being configured to
control both the HT engine portion and the L'T-HI engine
portion of the hybrid propulsion spacecraft to provide an
optimal LEO to L.20 transfer trajectory;

wherein the optimal LEO to .20 trajectory includes an
optimal L'T-HI trajectory portion, selected from a stable
manifold trajectory, and an optimal HT trajectory por-
tion, and wherein the LT-HI trajectory portion and HT
trajectory portion are configured for providing a com-
bined optimal trajectory along the LEO to L.20 transfer
trajectory, and are optimized substantially simulta-
neously.

2. The system of claim 1, wherein the LT-HI trajectory

portion is a time optimal trajectory.

3. The system of claim 1, wherein the LT-HI trajectory
effects ballistic capture of the spacecraft at L.20.

4. The system of claim 1, wherein the HT trajectory portion
is at least one of a time optimal trajectory and a fuel optimal
trajectory.

5. The system of claim 1, wherein the HT trajectory portion
is selected from a manifold of HT trajectories distributed
between a time optimal trajectory and a fuel optimal trajec-
tory.

6. The system of claim 1, wherein the combined optimal
trajectory is optimized with a global optimizer (GO)
approach that is configured for application of hybrid propul-
sion in effecting the combined optimal trajectory.

7. The system of claim 6, wherein the first and second
control portions command the HT engine portion and the
LT-HI engine portion and effect spacecraft transfer with
hybrid propulsion along the combined optimal trajectory
commencing with an initial impulse change from LEO to
initiation of ballistic capture in L.20.

8. The system of claim 1, wherein the HT trajectory portion
transits between LEO and an initial point along the LT-HI
trajectory portion.

9. A spacecraft comprising;

a spacecraft bus;

a hybrid propulsion system connected to the spacecraft
bus, the hybrid propulsion system including a high thrust
(HT) engine portion, and a low thrust high specific
impulse (LT-HI) engine portion; and

a control system connected to the bus and controllably
coupled to hybrid propulsion system to effect spacecraft
transfer between low earth parking orbit (LEO) and a
Lissajous L2 orbit (I.20), the control system being con-
figured for generating an optimal LEO to [.20 transfer
trajectory employing both the HT engine portion and the
LT-HI engine portion of the hybrid propulsion system;

wherein the optimal LEO to .20 trajectory includes an
optimal L'T-HI trajectory portion, selected from a stable
manifold trajectory, and an optimal HT trajectory por-
tion, and wherein the LT-HI trajectory portion and HT
trajectory portion are configured for providing a com-
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bined optimal trajectory along the LEO to L.20 transfer
trajectory, and are optimized substantially simulta-
neously.

10. The system of claim 9, wherein the L'T-HI trajectory
portion is a time optimal trajectory.

11. The system of claim 9, wherein the L'T-HI trajectory
effects ballistic capture of the spacecraft at L.20.

12. The system of claim 9, wherein the HT trajectory
portion is at least one of a time optimal trajectory and a fuel
optimal trajectory.

13. The system of claim 9, wherein the HT trajectory
portion is selected from a manifold of HT trajectories distrib-
uted between a time optimal trajectory and a fuel optimal
trajectory.

14. The system of claim 9, wherein the combined optimal
trajectory is optimized with a global optimizer (GO)
approach that is configured for application of hybrid propul-
sion in effecting the combined optimal trajectory.

15. The system of claim 14, wherein the first and second
control portions command the HT engine portion and the
LT-HI engine portion and effect spacecraft transfer with
hybrid propulsion along the combined optimal trajectory
commencing with an initial impulse change from LEO to
initiation of ballistic capture in [.20.

16. The system of claim 9, wherein the HT trajectory
portion transits between LEO and an initial point along the
LT-HI trajectory portion.

17. A method for generating a thrusting profile for a hybrid
propulsion spacecraft for transfer between low earth orbit
(LEO) and a Lissajous L2 orbit (L20), the method compris-
ing the steps of:
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computing a stable manifold (SM) of trajectories leading to
L20 based on thrust generated with a low thrust high
specific impulse (LT-HI) engine of the hybrid propulsion
spacecraft;
generating a high thrust (HT) trajectory between LEO and
at least one trajectory of the SM, wherein the HT trajec-
tory is generated based at least in part with an impulse
change provided by an HT engine of the hybrid propul-
sion spacecraft, and wherein the HT trajectory and the at
least one SM trajectory form a combined trajectory from
LEO to L20; and

optimizing the combined trajectory over both the HT tra-
jectory and the at least one trajectory of the SM in
combination and generating a combined optimal trajec-
tory from LEO to L.20.

18. The method of claim 17, further comprising selecting
the HT trajectory from a manifold of HT trajectories distrib-
uted between a time optimal trajectory and a fuel optimal
trajectory.

19. The method of claim 17, further comprising optimizing
the combined optimal trajectory with a global optimizer (GO)
approach that is configured for application of hybrid propul-
sion in effecting the combined optimal trajectory.

20. The method of claim 19, further comprising command-
ing the HT engine portion and the LT-HI engine portion with
a first and second control portion of the hybrid propulsion
spacecraft and effecting spacecraft transfer with hybrid pro-
pulsion along the combined optimal trajectory commencing
with an initial impulse change from LEO to initiation of
ballistic capture in [.20.
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